Telomerase activity is detectable in the majority of tumors or immortalized cell lines, but is repressed in most normal human somatic cells. It is generally assumed that reactivation of telomerase prevents the erosion of chromosome ends which occurs in cycling cells and, hence, hinders cellular replicative senescence. Here, we show that the expression of v-Myc oncoprotein by retroviral infection of telomerase-negative embryonal quail myoblasts and chicken neuroretina cells is sucient for reactivating telomerase activity, earlier than telomere shortening could occur. Furthermore, the use of a conditional v-Myc-estrogen receptor protein (v-MycER) causes estrogen-dependent expression of detectable levels of telomerase activity in recently infected chick embryo ®broblasts and neuroretina cells. We conclude that the high levels of telomerase activity in v-Myc-expressing avian cells are not the mere consequence of transformation or of a dierentiative block, since v-Src tyrosine kinase, which prevents terminal dierentiation and promotes cell transformation, fails to induce telomerase activity.
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Keywords: telomerase; v-Myc; v-Src; transformation; TRAP Considerable evidence points to a role for telomeres, the ends of eukaryotic chromosomes, in protecting chromosomes from nuclease degradation, incomplete duplication and interchromosomal fusion, as well as in preventing the activation of DNA-damage checkpoints (reviewed in de Lange, 1995) . Vertebrate telomeres are built up by the tandem repetition of the hexanucleotide sequence 5'-TTAGGG-3' that spans several kbs and binds common chromatin proteins as well as telomerespeci®c proteins (Broccoli et al., 1997; Bilaud et al., 1997) . Because of the incomplete lagging-strand synthesis during DNA replication, and possibly the activity of speci®c exonucleases (Makarov et al., 1997) , telomeres shorten at each cell division in the absence of a compensatory mechanism. In most eukaryotic cells telomeres are elongated by telomerase, a ribonucleoprotein reverse transcriptase whose RNA component provides the template for telomere repeat synthesis (reviewed in Lustig, 1997) . Human mortal somatic cells do not express detectable telomerase activity and the consequent shortening of telomeres has been held responsible for the limited proliferative capacity of normal cells (reviewed in Harley, 1995) . A signal generated by telomeres shortened below a threshold value would induce cells, which have passed through a number of genetically determined cell cycles, to reach a quiescent state de®ned as replicative senescence (Harley, 1991) . This hypothesis has recently received indirect support from the demonstration that the forced expression of the catalytic subunit of telomerase in normal human cells is sucient to prevent replicative senescence (Bodnar et al., 1998; Vaziri and Benchimol, 1998) . Although there are instances in which human and murine cells are capable of unlimited cell doublings in the absence of active telomerase Blasco et al., 1997) , telomerase reactivation could represent a crucial advantage for the unrestrained growth of tumor cells. Indeed, numerous recent studies have demonstrated that the vast majority of human tumors could be scored as telomerasepositive (Kim et al., 1994; Shay and Bacchetti, 1997) and in human neuroblastomas telomerase activity correlates with N-myc ampli®cation and an unfavorable prognosis (Hiyama et al., 1995) . It is often surmized that telomerase reactivation is a late event in the multistep process of tumorigenesis and experimental evidence for this hypothesis has been obtained in rodent models of tumor progression (Blasco et al., 1996) . Avian unestablished cells can be readily transformed in vitro by a single oncogene (reviewed in AlemaÁ and TatoÁ , 1987; Boettiger, 1989) and, in this respect, they represent a simpli®ed system in which to study carcinogenesis, in comparison to mammalian cells in which transformation and tumorigenicity require the collaborative interaction of more than one oncogene (Weinberg, 1989; Hunter, 1991) . Moreover, retroviral infection of primary avian cells allows the introduction of oncogenes with high eciency, so that the majority of infected cells express the transforming gene within a few population doublings. Therefore, avian cells represent a convenient model system in which to investigate the relationship between oncogene expression, immortalization and telomerase reactivation in the absence of secondary events that may occur during selection of clonal cell lines.
Chicken neuroretina (NR) cells and quail myoblasts (QMb), which typically undergo a limited number of population doublings (PD) in tissue culture (Casalbore et al., 1987; AlemaÁ and TatoÁ , 1994) , were infected with high titer stocks of the following retrovirus: RSV PR-A, which carries the v-src oncogene and MC29, which carries the v-myc oncogene (see legend to Figure 1 ). Both cell types were infected and then serially passaged *Correspondence: A Levibefore experimental analysis. NR cells expressing either oncogene displayed an increased proliferation rate and transformation-associated traits, whereas only v-Srctransformed NR cells become unable to terminally dierentiate (Casalbore et al., 1987; Pollerberg et al., 1995) (not shown). Expression of P110 gag-myc was monitored by immuno¯uorescence with anti-Myc antibodies (not shown) and immunoblotting of cell lysates taken at passages 3 ± 7 (Figure 1a) . The levels of v-Myc in NR cells were found to be comparable to those measured in a v-Myc-transformed NR clone, CNR-cl1, which was isolated as a single colony from soft-agar and had been propagated for about 70 population doublings (F TatoÁ and SA La Rocca, unpublished results) ( Figure 1a ). Expression of v-Src was indirectly determined by immunoblotting with anti-P-Tyr antibodies ( Figure 1a ). We next tested whether transformed NR cells had acquired telomerase activity together with expression of oncogenes. Telomerase activity was measured by the telomere repeat ampli®cation protocol (TRAP) (Kim et al., 1994) , as modi®ed in Falchetti et al. (1998) . As shown in Figure Alterations in telomere length have been shown in human cells as consequence of the forced expression of telomerase catalytic subunit (Bodnar et al., 1998) . We have used terminal restriction fragment (TRF) length assay (Strahl and Blackburn, 1966) to measure average telomeric lengths and have found no dierence between early passage (P1, equivalent to 3 PD in vitro) chicken NR cells and late passage (P15, equivalent to about 40 PD) cells transformed by either v-Myc or v-Src (not shown). This ®nding is not surprising, however, since chicken telomeres are very heterogeneous, varying from 10 ± 100 kb in length (Lejnine et al., 1995) . Thus, an average loss of 20 ± 100 bp from telomeres at each cell duplication would result, even after 40 cell divisions in the absence of the telomerase enzyme, in a minor shrinkage of telomeres, below the detection limit of Southern blot analysis. Nevertheless, since we observed no appreciable dierence in average telomere length in DNA from immortal CNR-cl1 cells (not shown), we suspect but cannot prove that the telomerase activity induced by v-Myc may be sucient to prevent telomere erosion in chicken NR cells.
Within two passages in vitro (equivalent to 6 PD) more than 90% of QMBs expressed v-Myc as assayed by indirect immuno¯uorescence (not shown) and immunoblotting (Figure 2a, upper panel) and the levels of accumulated P-Tyr proteins had already reached high Figure 1 Telomerase activity in chicken neuroretina cells infected by transforming retroviruses. Neuroretina (NR) cells were prepared from dissected retinae of 7 days-old chicken embryos as described (Casalbore et al., 1987) and propagated in Dulbecco's modi®ed Eagle's medium (DMEM), supplemented with 10% fetal calf serum (FCS), 10% tryptose phosphatase broth (TPB) and 1% chicken serum (Growth Medium) at 378C. Primary cultures were infected at high multiplicity of infection with RSV PR-A or MC29(RAV-1); the origin of PR-A and MC29(RAV-1) viral stocks was described previously (Falcone et al., 1985) . At the indicated passages, cells were washed twice with phosphate buered saline (PBS) and processed for either immunoblotting or detection of telomerase activity. (a) Expression of v-Myc (upper panel) and detection of v-Src activity by anti-phosphotyrosine antibodies (lower panel). Following cell lysis in 0.1 M NaOH, 0.1% sodium dodecyl sulphate (SDS), cell extracts were assayed for protein content, neutralized with acid SDS-sample buer and 50 mg of total cell protein run on 8% SDS ± PAGE. Blotted membranes were incubated with rabbit polyclonal anti-Myc (a gift from K Moelling) or mAb PT-66 to phosphotyrosine (Sigma). Western blots were carried out using the chemiluminescence detection system (Boehringer). (b) Telomerase activity of NR cells expressing v-Myc and v-Src. Detergent extracts (500 ng total protein) from uninfected NR cells at P1 (lane 8), infected with PR-A at P3 through P7 (lanes 1 ± 3), infected with MC29 at P3 through P7 (lanes 4 ± 6), or from the CNR-cl1 line (lane 7) were assayed for telomerase activity by the telomere repeat ampli®cation protocol (TRAP) (Kim et al., 1994) , as modi®ed in Falchetti et al. (1998) . As negative controls, lysis buer alone or RNAse-treated extracts were run in parallel (not shown). Cell extracts for TRAP assay were prepared with the CHAPS detergent lysis method described in Kim et al. (1994) , using 200 ml of lysis buer per 60 mm dish (approximately 2610 levels in PR-A-infected cells (Figure 2a, lower panel) . QMBs transformed by either oncogene were impaired in their terminal dierentiation (Falcone et al., 1985 (Falcone et al., , 1991 (not shown). As shown in Figure 2b no telomerase was detectable in PR-A-transformed myoblasts at either early (P3) or late (P11) passages p-i. On the contrary, infection with MC29 resulted in the robust expression of telomerase activity which had already reached a maximum at P1 (Figure 2b ). To extend and con®rm these eects, primary cultures of QMb were also infected with MC29-td10H, a spontaneous deletion mutant of MC29, unable of transforming macrophages in vitro but still capable of transforming ®broblasts (Ramsay et al., 1980) and myoblasts (Falcone et al., 1985) . The resulting P90
gag-myc protein results in the loss of residues 210 ± 331, a region which encompasses the acidic domain and the nuclear localization signal (NLS) of the avian c-myc sequence (Bister et al., 1987) . Accordingly, the immunolocalization of P90 gag-myc in recently infected myoblasts results in a predominantly cytoplasmic staining, in contrast to the strictly nuclear localization of wild type P110 gag-myc (not shown). Lower levels of telomerase activity were obtained with td10H v-Myc than with MC29-v-Myc (Figure 2b) , suggesting that the ability of v-Myc proteins to induce telomerase was related to the extent to which they are expressed in the population (Figure 2a) . Moreover, it is conceivable that a threshold in the level of the mutant Myc needs to be exceeded before a critical nuclear concentration is achieved in the absence of NLS.
The experiments presented in Figures 1 and 2 therefore show that avian cells expressing v-Myc exhibit high levels of telomerase activity, suggesting that the up-regulation of telomerase might be one of the functions of v-Myc signalling that promotes cell proliferation and immortalization. It has been proposed that telomerase activation in cancer cells may re¯ect the selection of telomerase-positive stem cells (Greaves, 1996) . Since infection of NR cells with MC29 proceeds with relatively slow kinetics (Casalbore et al., 1987) , the time course of expression of telomerase activity in MC29-infected NR cells was in principle compatible with either the selective ampli®cation of a telomerase-positive cell sub population initially present in the primary cultures, or with the reactivation of the enzyme in telomerase-negative cells by a slowspreading virus. To con®rm the latter proposition and to further explore whether telomerase activity was contingent on v-Myc expression, we utilized a recombinant retrovirus which expresses a chimeric protein, P145 (SA La Rocca, personal communication). Three dierent avian cell types, namely QMb, chicken NR cells and chicken ®broblasts (CEF), which also lack detectable telomerase activity (Pain et al., 1996) , were infected at high m.o.i. and the cultures examined at passage 1 p-i (Figure 3 ). While addition of 1 mM estradiol for 48 h did not alter steady-state levels of P145 gag-myc in CEFs and NR cells, as assessed by immunoblotting ( Figure  3a) , within 24 h a high proportion of infected cells assumed a morphology typical of Myc-transformed cells with prominent nucleoli (not shown). As determined by TRAP assay, telomerase activity was induced by estrogen treatment in all cell types, although a modest increase in telomerase activity with respect to uninfected cells was already evident in the absence of estradiol (Figure 3b) .
The data we describe here provide direct evidence that reactivation of telomerase activity may rapidly follow the expression of a viral oncogene in unestablished somatic cells. This conclusion is at variance with the prevailing view that reactivation of telomerase activity is a late event in the process of cell immortalization (Counter et al., 1992; Whitaker et al., 1995) . In human cells, for instance, an immortalizing oncogene like SV40 large T antigen extends the replicative potential of infected ®broblasts past their Hay¯ick limit (Hay¯ick and Moorhead, 1961) . Telomerase is only expressed in post-crisis cells (Meyerson et al., 1997) , however, and the emergence of immortal clones is a rare event occurring with an extremely low probability (reviewed in Vojta and Barrett, 1995) . Activation of telomerase in isolated Figure 2 Induction of telomerase activity by MC29 and MC29 td10H in quail myoblasts. Primary cultures of quail myoblasts were prepared from breast muscles of 10 days-old embryos as described previously (Falcone et al., 1991) and cultured in Growth Medium, supplemented with 3% quail embryo extract. Infection with RSV PR-A, MC29(RAV-1) and MC29 td10H(RAV-1) was as described in Figure 1 . From P2 the embryo extract was omitted from the culture medium. At the indicated passages, cell cultures were processed for immunoblotting (a) or TRAP assay (b) as described in the legend to Figure 1 v-Myc activates telomerase ML Falchetti et al clones of human keratinocytes within few passages post-infection with retroviral vectors harboring the HPV-16 E6 protein has been reported (Klingelhutz et al., 1996; Stoppler et al., 1997) . In this cell system, however, some features are consistent with the interpretation that selection and expansion of a telomerase-positive sub population might have occurred. The levels of telomerase measured in pre-crisis keratinocytes were two orders of magnitude lower than that measured in post-crisis E6-expressing immortal clones. Furthermore, a number of clones was shown to be telomerase-negative and low levels of enzymatic activity were detected in primary keratinocytes prior to infection (Stoppler et al., 1997) . Similarly, the detection of telomerase activity in a number of preneoplastic gastric and colorectal lesion (Tahara et al., 1995) could be ascribed to the preferential expansion of clonergic, telomerase-positive, stem cells. On the contrary, the following points argue against the selective amplification of a pre-existing telomerase-positive cell population in primary cultures of avian cells transformed by v-Myc. Firstly, since cells were infected at high m.o.i. and, at least CEFs and QMbs, are actively replicating (up to 80% enter S phase in a 24 h pulse) the majority of the cell population was infected by the second passage. Secondly, telomerase activity was induced by estradiol in cells derived from three dierent lineages, and recently infected by a retrovirus carrying an estrogen-inducible v-MycER fusion protein. We conclude that activation of telomerase is the consequence of v-Myc expression and function in cells in which this enzyme was initially absent or not functional.
It has been proposed that telomerase activity correlates with cell proliferation (Belair et al., 1997) and that, within telomerase-positive cells, is differentially expressed during the cell cycle (Holt et al., 1996) . Furthermore, the amount of the RNA component of the telomerase holoenzyme, but not its enzymatic activity, correlates in mouse mammary tumors with the level of histone H4 mRNA, a proliferative marker (Broccoli et al., 1996) . Since expression of v-Src tyrosine kinase also results in stimulation of cell proliferation in the same avian cell types, but fails to induce the telomerase activity, it follows that stimulation of mitogenic activity per se is not sucient for induction of telomerase activity. By the same token, it can be argued that the block of dierentiation or the acquisition of a transformed phenotype that occur in vSrc-as well as in v-Myc-transformed myogenic precursors and neuroretina cells, are not sucient for induction of telomerase. Recently, inhibition of c-myc expression with an antisense-oligonucleotide approach has been shown to lead to decreased telomerase activity in human leukemic cell lines (Fujimoto and Takahashi, 1997) . While these data are consistent with our ®ndings, clearly further studies are necessary to assess whether the induction of telomerase activity by v-Myc in telomerase-negative cells requires the same pathways that are involved in the repression of telomerase activity ensuing c-Myc downregulation. v-Myc and cMyc are transcriptional regulators which act as promoters of cell cycle progression (Amati and Land, 1994) . Both activator and repressor activities have been ascribed to c-Myc (reviewed in Grandori and Eisenman, 1997) and both functions are necessary for cooperation with oncogenic Ras in the transformation of rat embryo ®broblasts (Weinberg, 1989; Li et al., 1994) . v-Myc, bound to regulatory DNA elements, may directly aect transcription of the telomerase RNA component and of the putative catalytic subunit of the telomerase holoenzyme, or may down-regulate the expression of a repressor. The existence of a repressor of telomerase has been inferred from the observation that telomerase is inhibited in cell hybrids between normal and cancer cells . Finally, one should not neglect the possibility that posttranscriptional or posttranslational mechanisms contribute to v-Myc-induced enzymatic activity. The recent observation that protein phosphatase 2A inhibitors activate telomerase activity in human breast cancer cells suggests that telomerase activity may be regulated by protein phosphorylation (Li et al., 1997) .
Irrespective of the mechanism involved, we ®nd it warrant of speculation our ®nding that activation of telomerase activity is an early response to an immortalizing oncogene such as v-myc, especially since reactivation of telomerase activity would provide a growth advantage only to cells which have exhausted their replicative potential. One possibility is to Figure 3 Estradiol induces telomerase activity in v-MycERexpressing avian cells. Myc-ER retroviral stocks (kindly provided by SA La Rocca) were obtained from CEFs transfected with a variant of the vector pmyc/ERts-v-sea (Pollerberg et al., 1995) from which the ts-v-sea sequence had been deleted. Primary chicken NR cells, QMbs and CEFs were infected at high m.o.i.; 4 days post-infection all cells were plated on collagen-treated dishes either in DMEM-5% FCS (NR cells and CEFs) or in F14 medium-2% FCS (QMbs). Cells were cultured in the absence or in the presence of 1 mM estradiol for 48 h before being processed for either immunoblotting with anti-Myc antibodies for detection of v-MycER (a) or extraction for TRAP assay (b). Total cell lysates and CHAPS extracted lysates were prepared as in legend to Figure 1 . Five hundred ng of total protein from uninfected cells (lanes 1,4, 7 and 8) and v-MycER-infected cells (lanes 2, 3, 5, 6, 9 and 10) were assayed for telomerase activity as described in the legend to Figure 1 postulate a role for telomerase beside its assumed activity as a long-term keeper of telomere length. Thus, the early telomerase-activating function of v-Myc could be justi®ed if the addition of new telomeric repeats to the ends of chromosomes regulates functions involved in the establishment of transformation. Although early passage MEFs derived from mice lacking telomerase RNA can be transformed by the collaboration of Ras and E1A (Blasco et al., 1997) , it would be interesting to study the modulation of telomerase by Myc in cell models in which cell growth arrest or senescence can be prematurely activated as a short-term response to the expression of Ras (Franza et al., 1986; Serrano et al., 1997) .
Note added in proof Since this manuscript was submitted, activation of telomerase by expression of c-Myc in normal human mammary cells and ®broblasts has been reported by Wang et al. (1998) . Genes Dev., 12, 1769 ± 1774.
